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climate change ͉ fires ͉ Indonesia ͉ tropical peat ͉ remote sensing C urrent estimates indicate that the total area of undeveloped tropical peatland is in the range of 30-45 million ha (approximately 10-12% of the global peatland resource); about 16.8-27 .0 million ha are found in Indonesia (1-3), which makes them one of the largest near-surface pools of terrestrial organic carbon (4) (5) (6) . Typically, tropical peat is located at low altitudes where peat swamp forest forms peat domes up to 20 m thick that usually have a convex shaped surface (3, 7, 8) . Some of the subcostal peatlands on Borneo started to accumulate as early as 22,000-23,000 years ago (9) . Their ability to sequester and store huge amounts of carbon is threatened by persistent anthropogenic impacts (8, 10, 11) . Drainage and forest clearance in particular disturb their hydrological stability (5) and make them susceptible to fire (12) . Nearly all peatland fires are of anthropogenic origin, as they are started by farmers to clear land and on a much larger scale by private companies as the cheapest tool to clear forest before establishing oil palm and pulp wood plantations (13) (14) (15) (16) . Peat fires cause both severe deterioration in air quality and health problems in the region by releasing huge volumes of aerosols and noxious gases (13, 15) . Globally peat fires have the potential to accelerate global warming by releasing huge amounts of carbon dioxide (10, 17) .
To quantify the role of peatland fires in the release of carbon, it is important to know how much of the peat layer is consumed by a fire. Since most peatlands in Indonesia are highly inaccessible, very few field measurements have been made to date, as this would require either knowing the fire affected area in advance or igniting peatland on a larger scale intentionally. Due to these constraints, previous peat fire carbon emission estimates were based on a very limited number of spatially nonrepresentative field samples (17) . To overcome these problems and to obtain spatial measurements on burn depth across large fire scars, we used light detection and ranging (LIDAR) aerial remote sensing. LIDAR is based on the transmission of laser pulses toward the ground surface and the recording of the return signal. By analyzing the time delay for each pulse back to the sensor, relative and absolute surface heights can be determined with an accuracy of several centimeters. We focused our investigation on 2.79 million ha of a peat dominated landscape in Central Kalimantan, Borneo, where in 2006 severe wildfires destroyed large tracts of peat swamp forest (Fig. 1A) . Our main objectives were to (a) assess the potential and accuracy of LIDAR 3D height measurements to measure the peat volume combusted by fire in peat swamp forests, (b) develop an operational methodology to do this, (c) provide accurate information on the depth of specific burn scars within the study area that originated in the 2006 El Niño fire event and compare these to previous estimates, and (d) to estimate carbon emissions from peat fires for the 2006 fire season within the study area.
Results
Land cover and previous fire history was analyzed using a time series of 11 Landsat images acquired between 1997 and 2007. The extent of peatland in Indonesia was determined from maps prepared by Wetlands International (18) (19) (20) (see Materials and Methods). We analyzed peat fire occurrence in Borneo based on a fire hotspot database, spanning from January 1, 1997, to August 31, 2009, (21) . As there is not a single sensor system which covers the full time period, a separate analysis for 2 investigation periods was carried out: (a) from 1997 to 2000 using fire hotspots from the Advanced Very High Resolution Radiometer (AVHRR) on board the National Oceanic and Atmospheric Administration (NOAA) satellite and from the Along-Track Scanning Radiometer (ATSR) on board the European Remote Sensing Satellite 2 (ERS-2), and (b) and from 2001 to 2009 using fire hotspots from the MODerate resolution Imaging Spectroradiometer (MODIS) on board the Terra and Aqua satellites (21, 22) . This fire hotspot time series showed that the peat fires in 2006 were the most severe after the well known 1997-1998 fire disaster. In 2002 and 2004, and JanuarySeptember, 2009, fewer, yet more extensive, peat fires were observed in Borneo, especially in the Indonesian part of Borneo (Kalimantan), resulting in 5 years of significantly increased fire activity within one decade (Fig. 2 
) (21) (see Materials and Methods).
This is very unusual in this wet swamp ecosystem and was not observed to this extent before 1997 (23) . The El Niño episode of 2006 caused a drier and longer dry season than usual. During these drought conditions the average groundwater table sank from a normal value of Ϫ0.16 m to Ϫ1.61 m near burn scar C1 and Ϫ1.68 m near burn scar C2 (Fig. 1 A) (Materials and Methods). In total 256,783 ha of pristine and logged-over peat swamp forests, as well as degraded forests and forests regrowing after previous fires (almost 10% of the study area), were seriously affected by fire in 2006 (Table 1) 
(Materials and Methods).
For the purpose of this study, 3 transects were analyzed: transect 1 had a length of 27,900 m and an average width of 600 m, transect 2 had a length of 15,340 m and an average width of 460 m, and transect 3 had a length of 20,700 m and an average width of 580 m (Fig. 1 A) . The LIDAR transects covered 3 major individual burn scars (B1, C1, C2) and several small ones (Fig. 1 A) . These transects covered burned and adjacent unburned peatlands, the elevation difference between burned and unburned areas is clearly visible (Fig. 1C ). Burn scar B1 had a size of 2,632 ha, C1 a size of 1,209 ha, and C2 a size of 864 ha (Fig. 1 A; Table 1 ). The exact time of fire occurrence was determined using daily MODIS hotspot data. Seventy-eight percent of the investigated burn scar borders are located in peat swamp forests previously not affected by fire but which showed a disturbed canopy due to many years of legal and illegal logging operation. Sixteen percent of the investigated burn scar borders burned during the 1997 El Niño and were covered by dense regrowing forest approximately 10-15 m tall. In 2007, one year after the fire, all fire scars were sparsely covered with regrowing tree saplings, ferns, and vines. Often, unburned wood debris and toppled over tree trunks were scattered on the ground. On fire scars, the LIDAR signal is often reflected directly from the peat soil surface, while in peat swamp forests most of the signal is echoed from leaves and branches and not from the ground. Nevertheless, logged over peat swamp forests are much less dense and shorter than typical tropical lowland rainforests.
The 3D LIDAR point clouds (x, y, and z coordinates) were differentiated into ground points, points reflected from the terrain, and nonground points reflected from the vegetation (Fig. 1B) . To generate a digital terrain model (DTM), it was necessary to eliminate all vegetation points while at the same time preserving the ground points. A statistical analysis of the signals reflected from the peat soil surface showed that in unburned peat forests about 1.0 Ϯ 0.5% of the points were reflected from the ground surface and in burn scars about 6.4 Ϯ 2.1% of the points were reflected ( (8, 24) . Due to the smooth topography across distances of up to 40 km, it is justified to interpolate this low number of ground echoes. The typical ground surface microtopography in peat swamp forests, a mosaic of hummocks and hollows, could not be resolved by the LIDAR frequency applied in this study.
The elevation difference between unburned und burned peat was measured using height profiles of one meter width extracted from interpolated continuous DTM ( Fig. 1C and Fig. 3 ) (see Materials and Methods). The height difference between burned and adjacent unburned peat swamp forest was calculated at 79 locations. However, not all reflected signals may have come from the true soil surface, since fires often consume only part of the above ground biomass, leaving large quantities of wood debris and tree trunks scattered in the area (Fig. 4) . To make sure that we did not include return signals from tree trunks and branches lying on top of the peat surface, we investigated the resulting burned depth if only 30% or 10% of the lowest values of the DTM were included in the For all further calculations we used the 10% value because this was a reasonable tradeoff between a low standard deviation and a sufficiently high number of ground points for the determination of the burned depth. A low standard deviation indicates that possible returns from wood debris and regrowing vegetation are excluded.
The height profiles across fire scars often showed a constant burned depth across large distances, although in some locations we observed depressions several meters wide and more than a meter deep. Because these measurements were made one year after the fires, it cannot be excluded that some of the peat loss is due to bacterial oxidation and/or compaction. Since 2007 was an unusually wet year (La Niña following El Niño), we expect that the groundwater table was higher than in dry years, which would limit bacterial decomposition (Fig. 2, few fires) . It was shown that bacterial decomposition causes up to 2 cm of peat loss per year, which is a small fraction of the measured depth of fire scars (25) .
Field data on burned depth collected during the 2006 El Niño fire event by the Centre for International Co-operation in Management of Tropical Peatland (CIMTROP) (Fig. 1 A) confirmed the LIDAR measurements. Iron rods placed in front of the fire front showed that on average 0.30 Ϯ 0.13 m (n ϭ 40) of peat was combusted by fire (see Materials and Methods).
The amount of carbon released to the atmosphere was estimated by combining the average burned depth with published figures on peat carbon content. We assumed a smooth surface for the prefire peat dome across distances up to several kilometers, which justifies using an average burned depth of 0.33 m to calculate the peat volume loss. The 3 burn scars (B1, C1, and C2) with a total area of 4,705 ha were selected (Fig. 1 A; Table 1 ). Peat carbon content was calculated by applying a dry peat bulk density of 0.1 gram per cubic centimeter (g cm Ϫ3 ) and a peat carbon content of 58% (26) . Most of the carbon lost will be emitted as carbon dioxide, with additional emissions of carbon monoxide and methane (27) . We calculated carbon emissions of 0.50 Ϯ 0.27 megatons (Mt) for burn scar B1, 
Discussion
The results presented here demonstrate that LIDAR has the ability to collect sufficiently accurate and spatially representative measurements of the burn scar depths in peat over large areas in very inaccessible terrain. The determined average burn depth of 33 cm correlated well with field measurements recorded in the same year at locations near the LIDAR transects. The LIDAR measurements also showed that the surface of the peat dome is very smooth over many kilometers. This allowed us to reconstruct the prefire peat surface and thus to calculate the peat volume combusted by a fire. The relatively invariable burned depth and the low standard deviation of 0.18 m across several kilometers indicate restrictions in fire behavior and impact. Fires never burned considerably deeper than 0.5 m although extreme burned depths of up to 1.1 m sometimes were observed. However, these extremes were small in scale and originated most probably from places where ignited tree trunks and roots facilitated oxygen supply and thus allowed the fire to propagate deeper into the peat layer. The consistent burned depth relates to the groundwater table in the peat layer, leading to a higher moisture content of the substrate with increasing depth. Additional factors may be important in regulating burned depth, for example, as fire progresses deeper a build-up of char and ash makes the peat less flammable and impedes the flow of oxygen. Usup et al. (28) observed that the ignition temperature of peat in deep layers is higher than that of surface peat and that a change in fire behavior occurs between 0.20-0.40 m below the surface in Central Kalimantan's peatlands. This LIDAR study also suggests that peat fires that burn several meters below the surface (29), like fires observed in coal deposits, are extremely unlikely. The available transects covered only fire scars in which peat fires burned into previously undisturbed peat swamp forest (78%, disturbed only by logging) or in 10-year-old regrowing peat swamp forest (16%). Evidence from aerial and field surveys suggest that fires in peat swamp forests burn deeper than fires on deforested peatland or peatland that has been previously affected by fire. Toppled over trees and exposed root systems in burned peat swamp forests are indicators of such fires. Deforested peatland is often covered by dense pockets of ferns and sedges through which the fire propagates quickly with little impact on the deeper peat layer. In addition, LIDAR measurements acquired in wet years are needed to be able to correlate burned depth to groundwater depth and land cover type.
During the last decade the global carbon dioxide concentration growth rate was 1.9 ppm per year on average, resulting mainly from the emission of 7.2 giga tonnes (Gt) carbon per year due to the use of fossil fuel and approximately 1.6 Gt carbon per year due to land use change (4) . With Indonesia's ranking as one of the world's biggest emitters of carbon (10) and with a peat carbon store of about 57 Ϯ 11 Gt (11, (18) (19) (20) , it has an enormous potential to negatively influence the global climate if its peatlands are burned and drained at rates currently observed (Table 1) . To estimate Indonesia's contributions to global carbon emissions through peatland fires, we calculated the approximate emissions for Indonesia in 2006 based on (a) active fire recordings of the MODIS (22), (b) a correction factor for the MODIS burned area determined from a correlation with Landsat-derived burned areas, (c) peatland maps of Indonesia (18) (19) (20) , and (d) the burned depth measurements described here. We are well aware that there is considerable uncertainty in this estimate due to a range of factors (e.g., MODIS burned area, extent of the peatland, burned depth in relation to water table, moisture conditions, emission factors), but this calculation may provide a reasonable estimate of the order of magnitude of this event. Peat fires in 2006 released about 0.25 Ϯ 0.14 Gt (Table 1) of carbon which is equal to 7-24% of all global emissions by land use change in that year (4). Van der Werf et al. (30) estimated that in 2006 0.30 Ϯ 0.12 Gt of carbon were released by fires in Indonesia and Papua New Guinea, however, this estimate also includes nonpeat fires and above ground biomass burning.
In the past decade, severe peat fires have occurred almost every second year during El Niño induced droughts in 1997, 2002, 2004, 2006, and 2009 (Fig. 2) . This is a new phenomenon and has not been observed in this frequency and spatial extent before. Undisturbed tropical peat swamp forests are, as the name suggests, just too wet to burn. Currently, this important source of carbon emissions is not yet included in the IPCC estimate for land cover change (4) or in most regional and global carbon cycling models.
As most studies on land conversion and climate change consider only above ground biomass in forests this study shows that in the future, emissions from below ground biomass combustion should be included in the emission estimates. The carbon content of the peat layers depends on its thickness and can be up to 19 times higher than that of a pristine peat swamp forest growing on top of the peat (11) . In addition, deforested and drained peatlands release considerable amounts of carbon due to bacterial oxidation (31) . These emissions are persistent for many years and add to the estimates given here.
The increased demand for palm oil, triggered by the biofuel boom, will seriously aggravate the situation since peatlands are the only remaining uninhabited near coastal land resource in Indonesia. The Clean Development Mechanism (CDM) and the proposed Reduced Emissions from Deforestation and Degradation in developing countries (REDD) schemes represent promising financial incentives to preserve the remaining tropical peat swamp forests and their huge underground carbon stock.
Materials and Methods
Satellite Data Processing and Classification. The 2.79 million ha study area is located in Central Kalimantan, Borneo, and covers a part of the former Mega Rice Project (MRP). The MRP, a failed transmigrasi resettlement project in Central Kalimantan, was initiated in 1995 by the Indonesian government and resulted in serious degradation of more than one million ha of peat swamp forest (Fig. 1 A) . The area was selected because (a) it contains one of the largest remaining undisturbed peat swamp forest ecosystems in Indonesia, (b) it is under high pressure through the plantation business, and (c) severe peat fires were recorded there in 2006.
To obtain the fire history within the study area Landsat TM and ETMϩ images (118 -62) acquired between 1991-2007 were visually analyzed. The impact of fire and regrowth conditions in the 2006 fire scars was investigated on the ground in selected sites and in 86 aerial photos that were recorded using a Bell 206 helicopter between August 5-10,, 2007, with a Hasselblad H3D-22 digital camera (50 millimeter (mm) lens) from an altitude of Ϯ 500 m. All images were coregistered and projected to the World Geodetic System (WGS) 1984 Universal Transverse Mercator (UTM) zone 49 south.
Burned areas from the year 2006 were mapped at a 1:50.000 scale (minimum mapping unit 5 ha) using an object oriented classification on the basis of a Landsat ETM ϩ 7 image (118 -62, August 5, 2007, gap filled). Data from the MODIS was used to unambiguously discriminate burned areas from sparsely vegetated soils, which eventually have a similar spectral response as fire scars. The MODIS system detects active burning fires, so called hotspots, at a spatial resolution of 1 km in tropical regions (12, 21, 22) . The classification accuracy was determined through visual on screen validation. The overall accuracy for the discrimination of burned and unburned vegetation was 89% with a kappa coefficient of 0.845.
The 3 investigated burn scars B1 (located in the Block B peat dome of the former MRP), C1 and C2 (located in the Block C peat dome of the former MRP) were visually digitized at a scale of 1:25,000 (minimal mapping unit 1ha) on the basis of the Landsat ETM ϩ 7 image (118 -62, August 5, 2007, gap filled).
We analyzed MODIS data recorded by Fire Information for Resource Management System (FIRMS) (ref. 22 ; http://maps.geog.umd.edu/firms/) to estimate the burned peat area for Indonesia. Previous studies showed that there is a reasonable correlation between burned areas deduced from MODIS hotspots and those derived from high resolution Landsat imagery, especially in peatlands, although a fire may cover the whole area of the sensor element (1 square km) or only a small fraction of it (12, 21, 32) . When using hotspots to determine burned areas, several constrictions have to be kept in mind: (a) fires are only detected once or twice a day and thus rapidly spreading fires escape recording, (b) smoke from the fire often impedes the detection of hotspots, and (c) ground fires in tropical forests generally produce too little heat to be detected from space. (a) is irrelevant for peat fires, while (b) and (c) are relevant for peat fires. To convert hotspot data to fire affected areas, it was assumed that the area of each hotspot (1 square km) was completely affected by fire. Areas in which several hotspots were recorded were considered to have burned only once. A direct comparison of the burned area derived from MODIS hotspots with the object oriented classification result from Landsat within the study area showed that MODIS overestimated the burned area by 30% (12, 21, 32) (Table 1) . When estimating the burned peat area for Indonesia, we discounted this factor.
The extent of peatland in Indonesia was determined from maps prepared by Wetlands International (18) (19) (20) . According to these maps, Indonesia has 21,892,399 ha of peatland comprising approximately 11% of its land mass (Table 1) .
Light Detection and Ranging (LIDAR) Data Processing, Filtering and Digital
Terrain Model (DTM) Deneration. LIDAR is an active remote sensing technique which is based on the transmission of laser pulses toward the ground surface and the recording of the return signal. By analyzing the time delay for each pulse back to the sensor, the heights of all reflecting objects can be measured in the range of a few centimeters. The aircraft was equipped with an airborne global positioning system (GPS) to record the position of the sensor and an inertial measurement unit (IMU) to measure the angular orientation of the sensor with respect to the ground. To calculate absolute height values, the LIDAR system was calibrated with a ground based differential GPS. To further assure and verify the accuracy of the LIDAR data, a calibrated alignment process for the GPS position of the sensor and the orientation parameters was applied.
Small-footprint full waveform LIDAR data were collected using a Riegl LMS-Q560 Airborne Laser Scanner from an altitude of Ϯ 500 m, over a scan angle of Ϯ 30°(swath width Ϯ 500 m). The laser pulse repetition rate was 66,000 -100,000 pulses per second with a footprint of 0.25 m and a wavelength of 1.5 m. Any echo, caused by multiple targets hit by a single laser shot, was received, digitized, time-stamped, compressed, and stored on the data recorder. Due to the accurate time stamping for each sample (10 9 samples per seconds), the 3Dcoordinates of the laser beam reflections, the intensity and the pulse width can be extracted by a waveform decomposition, which fits a series of Gaussian pulses to the waveform. To avoid noise and outliers only echoes with an intensity higher than 9 were used in this study. This resulted in an average of 1.4 echoes per square meter. Basically each reflection can be detected by the waveform decomposition and thus eliminates the dead zone effect. Conventional LIDAR systems (recording at most five reflections) can have a dead zone of up to 3 m which makes these systems effectively blind after a reflection and thus impedes the discrimination of small height differences. The position and orientation of the system was measured in-flight using GPS and an IMU, with a stationary GPS located at the nearby airport of Palangka Raya for differential correction. The Riegl LMS-Q560 Airborne Laser Scanner system allows height measurements of Ϯ 0.02 m. Single beam measurements have an absolute horizontal accuracy of Ϯ 0.50 m and vertical accuracy of Ϯ 0.15 m root mean square (RMS) error. Between 05-10 August 13,626 ha of LIDAR measurements were recorded using a Bell 206 helicopter, of which 3,750 ha were investigated in this study.
We applied a terrain-adaptive bare earth extraction algorithm to discriminate ground points from non-ground points reflected by the vegetation which is a utility integrated with Cloud Peaks software's LASEdit version 1.15.1 tool Surface Magic 2 (Fig. 1B) . This algorithm provides unsupervised classification of nonground features and adapts to the terrain condition. Furthermore, the ground points were visually searched to eliminate outliers. Off nadir locations with viewing angles larger than 20°showed little difference in the detected number of ground points.
Finally, the ground points were interpolated using a GIS inverse distance weighted (IDW) interpolation model (Fig. 1C) . For the interpolation we used a cell size of 1 m, a variable search radius of 20 points, power 2 and no barriers. There was almost no difference between the interpolated DTM and the original ground point cloud. In transect 1 and 2 48% of the original ground return signals were below the interpolated DTM and 52% above with an average difference of Ϫ0.02 Ϯ 0.02 m and 0.02 Ϯ 0.02 m respectively. In transect 3 47% of the ground return signals were below the interpolated DTM and 53% above with an average difference of Ϫ0.01 Ϯ 0.02 m and 0.01 Ϯ 0.01 m respectively. We used the DTM instead of the original 3D point clouds because it facilitated all further data handling and analysis.
Burn Scar Depth Analysis and in Situ Measurements. Height profiles (burned peat depth profiles) of one meter width were extracted from the DTMs stretching along the full length of the transects with a spacing of 25 m to each other. All together, 41 profiles were analyzed: 15 for transect 1, each with 27,850 m length, 13 for transect 2, each with 10,745 m length, and 13 for transect 3, each with 20,400 m length. The DTM profiles, the corresponding remote sensing images (aerial photos and Landsat images), and the digital burn scar map were exactly aligned to identify the boundary between burned and unburned peat (Fig. 3) . 79 locations were assessed in detail to determine burned depth. The profiles were clipped to cover a distance of 1000 m within the burned area and 1000 m within the unburned area ( Fig. 3 C and D) . If the extent of the burned and/or unburned area was smaller than 1000 m we clipped the maximum distance possible on both sides. Linear regression models were used to eliminate the inclination resulting from the convex shaped peat surface. To statistically analyze the reliability of the determined ground points and the interpolated DTMs we investigated the resulting burned depth if only the 30% or 10% of the lowest values from profiles were considered for the burned peat depth calculation. The average standard deviation in all unburned height profiles was 0.063 m (100% ground point values), 0.040 m (30% lowest values), and 0.037 m (10% lowest values). The average standard deviations in all burned height profiles was 0.093 m (100% ground point values), 0.043 m (30% lowest values), and 0.036 m (10% lowest  values) . Moreover, we statistically tested whether the mean of the unburned and burned surfaces differed significantly. If the values of the both height profiles were distributed normally a parametric T-Test was applied, if not a nonparametric Mann Whitney U-Test was applied. The level of significance (p) for 94 T-tests and 143 Mann Whitney U-tests with a confidence interval of 95% was calculated. All levels of significance were smaller than 0.001. It can be concluded that the differences in the means of the unburned and burned surfaces are highly significant and not random. In Transect 3 we additionally compared burned depths derived from DTM profiles to 3D point clouds. The average difference of the burned depth was 0.01 m based on 100% ground point values, Ϫ0.01 m based on the 30% lowest values, and Ϫ0.01 m based on the 10% lowest values.
In situ data of peat fire depth was collected in 2006 by the CIMTROP of the University of Palangka Raya. With the exception of the plots along the Sebangau River (10 measurements), all these measurements were situated on burn scars within Block C of the former MRP (Fig. 1 A) . This was done by inserting 40 iron rods in front of the fire. The surface of the peat layer before and after the fire was measured. The water table in the peat dome of Block C during the peat fires in 2006 that formed the burn scars C1 and C2 was measured at 3 locations (2 in a burn scar from the year 2002 and 1 in an unburned peat forest). No water table measurements were available for Block B.
